Oligodendrocytes are the myelinating cells of the mammalian central nervous system. In the mouse spinal cord, oligodendrocytes are generated from strictly restricted regions of the ventral ventricular zone. To investigate how they originate from these specific regions, we used an explant culture system of the E12 mouse cervical spinal cord and hindbrain. In this culture system O4 ؉ cells were first detected along the ventral midline of the explant and were subsequently expanded to the dorsal region similar to in vivo. When we cultured the ventral and dorsal spinal cords separately, a robust increase in the number of O4
INTRODUCTION
Oligodendrocytes (OLs) are the myelin-forming cells of the mammalian adult central nervous system (CNS). OLs have long been considered to be the last cell type generated during CNS development. However, recent characterization of markers specific for OL precursors has led to the proposal that, in fact, the generation of OL precursor cells occurs either simultaneously with or following closely upon the emergence of the first neurons. In the rat spinal cord, motoneurons are born between embryonic days 11 (E11) and E13 (Altman and Bayer, 1984; Nornes and Das, 1974) , whereas OL precursors appear at the ventricular surface on E14 at the earliest (Pringle and Richardson, 1993) .
Several studies have shown that OLs originate from early segregating precursors characterized by the expression of two molecular markers, pdgfr␣ (Pringle and Richardson, 1993; Hall et al., 1996) and plp/dm20 (Timsit et al., 1995; Spassky et al., 1998; Perez Villegas et al., 1999) . The ␣ subunit for platelet-derived growth factor (PDGFR␣) is a receptor tyrosine kinase implicated in a variety of developmental processes, including the survival and proliferation of OL precursors Richardson et al., 1988; Soriano, 1997) . plp encodes two alternatively spliced prod-ucts: myelin proteolipid protein (PLP) and DM-20, which are the major protein components of higher vertebrate CNS myelin (Griffiths et al., 1998) . However, as illustrated by double-labeling experiments, although both pdgfr␣-and plp/dm-20-expressing cells have been shown to give rise to OLs, are not coexpressed at the cellular level. This has led to the proposal of the existence of two different OL precursor cells in the brain: one is defined by the expression of pdgfr␣, the other is distinguished by the expression of plp/dm-20. The latter is independent of PDGF-AA for its proliferation and survival (Spassky et al., 1998) .
In contrast to what is observed in the forebrain, experimental data suggest that PDGFR␣ ϩ cells are the major source of OLs in the spinal cord, which is the simplest CNS organ in mammal. plp/dm-20-expressing cells in the spinal cord may not be OL precursors, but are differentiated OLs (Spassky et al., 2000; Richardson et al., 2000) . A specific feature of OL precursors is their restricted localization in the developing neural tube. Elegant experiments performed by Miller and colleagues have shown that in the rat spinal cord, OLs have a restricted ventral origin (Warf et al., 1991) , which is in agreement with the observation that PDGFR␣ ϩ cells form a ventrally localized column of cells on either side of the central canal (Pringle and Richardson, 1993) . This ventral localization of spinal PDGFR␣ ϩ cells, restricted to one or two cell layers on one coronal section, raised the question of the mechanisms responsible for the achievement of such a strict positional regulation of OL emergence. The neuroepithelial origin of PDGFR␣ ϩ cells in the cervical spinal cord has been mapped to the same region that generates somatic motoneurons (SM); that is, to the lower part of the Pax6 gradient, dorsal to the Nkx2.2 ϩ domain that generates visceral motoneurons (VM; Sun et al., 1998) . Several types of interneurons (V3, V2, V1, and V0) have also been identified by some marker gene expression in the spinal cord (Ericson et al., 1996 (Ericson et al., , 1997 Burrill et al., 1997; Briscoe et al., 1999) . The specific and restricted pattern of generation of these ventral neurons along the dorsoventral axis is under the influence of both ventralizing (including sonic hedgehog; Shh) and dorsalizing extrinsic signals. The expression of a wide range of ventral neural cell types is eliminated after surgical removal of the notochord at early developmental stages (van Straaten and Hekking, 1991; Yamada et al., 1991; Ericson et al., 1992) , as well as in mutant mice and zebrafish lacking notochord and floor plate (Bovolenta and Dodd, 1991; Beattie et al., 1997) , in Shh-null mutant mice (Chiang et al., 1996) , or after blockade of Shh signaling with specific antibodies (Marti et al., 1995; Ericson et al., 1996 Ericson et al., , 1997 . Recently, it has been reported that humoral factors secreted from the ventral neural tube promote OL differentiation. Shh secreted from the notochord or the floor plate induces OL development as well as motoneuron development (Poncet et al., 1996; Pringle et al., 1996) . Shh does not promote the proliferation of OL precursor cells, but functions in the determination of OL cell fate at an early stage (Orentas et al., 1996 (Orentas et al., , 1999 .
Neuregulins secreted by differentiated motoneurons may also promote OL differentiation (Vartanian et al., 1999) .
To our knowledge, however, no reports have raised the possible existence of a signal from the dorsal spinal cord on OL development. To address this hypothesis, we here applied and modified an explant culture system of E12 mouse cervical spinal cord (C1-C4) and caudal rhombencephalon (Shirasaki et al., 1995) . In addition, we successfully detected monoclonal antibody O4-immunoreactive cells on the ventricular surface of the cervical spinal cord as early as E12. Thus, we applied O4 antibody as a reliable marker for identifying early OL lineage cells in the mouse spinal cord, as defined in the developing chick spinal cord (Ono et al., 1995) . To examine the effect of removing the dorsal spinal cord on OL development, the ventral region of the explants was isolated and cultured. The numbers of PDGFR␣ ϩ OL precursors, O4 ϩ cells, and mature OLs were increased in the isolated fragment containing the isolated ventral midline. Interestingly, this increase was greater than that previously shown by the addition of ventralinducing factors for OL development, suggesting the existence of a significant inhibitory signal from the dorsal portion. This was confirmed by culturing an isolated midline area in close contact with another ectopic dorsal spinal cord. Altogether, our results provide evidence that OL development is not only regulated by factors from the ventral spinal cord, such as Shh and neuregulin, but also is strongly controlled by inhibitory signals from the dorsal region. The finely tuned balance of these regulatory activities contributed from both regions stringently controls OL development in the spinal cord.
MATERIALS AND METHODS

Flat Whole-Mount Preparation of the Embryonic Mouse Brain
We established the flat whole-mount preparation system by modification of a previous method (Shirasaki et al., 1995) . Briefly, ICR mouse embryos were used in this study (Japan SLC). The day of insemination was designated E0. The regions from the medulla to the cervical spinal cord (C1-C4) of E12 mice were dissected out from the surrounding tissue, opened along the dorsal midline, and flattened on a Transwell (Costar) membrane with the superficial surface up. The explants were cultured in a 5% CO 2 incubator at 37°C for 1 or 3 days (1 or 3 DIV) in DMEM/F12 (1:1) with N2 supplement (5 g/ml insulin, 100 g/ml transferrin, 20 nM progesterone, 100 M putrescine, 30 nM sodium selenite; Bottenstein and Sato, 1979) , 30 ng/ml T3, 40 ng/ml T4, and 2 ng/ml bFGF. This chemically defined medium was used in all culture systems in this paper.
In Situ Hybridization
Distribution of mRNA expression was detected by in situ hybridization using digoxigenin (DIG)-labeled cRNA antisense probe (Boehringer Mannheim). Mouse plp cDNA cloned into pSPT18 (EcoRI-EcoRI fragment of 1.4 kb containing the entire coding region of PLP; Kagawa et al., 1994) and rat PDGFR␣ cDNA cloned into pGEM-1 (a 1.5-kb HindIII-EcoRI fragment corresponding to the extracellular domain of PDGFR␣ cDNA provided by Dr. W. D. Richardson of University College London) was used to synthesize the riboprobes. Samples were fixed overnight with 4% paraformaldehyde (PFA) at 4°C and washed two times for 10 min in PBS containing 0.1% Tween 20 (PBT). The samples were dehydrated through 50% methanol/PBT once and 100% methanol twice and were then rehydrated through 75, 50, and 25% methanol/PBT once each for 5 min and washed with PBT twice. For penetration, the samples were treated with 10 g/ml proteinase K for 20 min at room temperature. The samples were postfixed in 4% formamide/ 0.1% glutaraldehyde for 20 min at room temperature. After being washed with PBT, the samples were transferred into 2-ml cryogenic vials (Nalgene) and were rinsed with a 1:1 mixture of PBT and hybridization buffer consisting of 50% formamide, 1.3ϫ SSC (pH 5.0), 50 g/ml yeast RNA, 100 g/ml heparin, and 0.2% Tween 20. The samples were washed once more with the hybridization buffer and prehybridized in the hybridization buffer for 1 h at 65°C. Hybridization was performed with 100 ng/ml DIG-labeled cRNA probe in hybridization buffer at 65°C overnight. After being washed with prewarmed hybridization buffer for 20 min at 65°C twice, the samples were washed with MABT (0.1 M malete, 0.15 M NaCl, and 0.1% Tween 20, pH 7.5) for 30 min at room temperature twice. The samples were preincubated in the blocking solution (2% blocking reagent with 20% heat-inactivated sheep serum in MABT) for 1 h and incubated with 1/2000 diluted alkaline phosphataseconjugated anti-DIG antibody (FЈab fragments; Boehringer Mannheim) in blocking solution. After being washed with MABT for 1 h for three times, the samples were treated with NTMT (0.1 M NaCl, 0.1 M Tris-HCl, pH 9.5, 0.1 M MgCl 2 , and 0.1% Tween 20) for 20 min twice. The color reaction was performed in 45 g/ml NBT and 1.75 mg/ml BCIP (Boehringer Mannheim) in NTMT for two or three overnight incubations. Stained samples were mounted in 80% glycerol on glass slides and observed with a microscope (Olympus, BX50).
Immunocytochemistry and Staining
O4 and O1 staining. The same volume of O4 or O1 (provided by Dr. S. E. Pfeiffer of the University of Connecticut Medical School) hybridoma supernatant as that of the culture medium was added to the cultured explants. After incubation in a CO 2 incubator for 1 h, the explants were fixed with 4% PFA/0.1 M phosphate buffer (pH 7.4) at 4°C overnight. The samples were washed with PBS for 8 h or overnight and bleached with 0.3% H 2 O 2 /methanol for 30 min at room temperature. The samples were washed with PBST, PBS containing 0.1% Triton X, for 8 h at room temperature. The explants were incubated with 1/200 diluted FITC-conjugated (-chain specific; Cappel) or biotin-conjugated (-chain specific; Vector Laboratories) anti-mouse IgM antibody overnight at 4°C and washed with PBST for 8 h at room temperature. For DAB staining, the explants were incubated with AB complex (ABC Elite standard kit; Vector Laboratories) at room temperature for 3 h. The samples were washed with PBST for 6 h at room temperature. The samples were stained with the solution containing 0.5 g/ml DAB and 0.015% H 2 O 2 in PBT under a dissection microscope and the reaction was stopped with water. The samples were fixed with 4% PFA and mounted on glass slides with a small volume of 80% glycerol.
Neurofilament staining. Neurofilament antibody (1/5 diluted conditioned medium of 2H3 hybridoma; Developmental Studies Hybridoma Bank) was added to the explants that had been fixed with 4% PFA and treated with 0.3% H 2 O 2 /methanol. Secondary antibody was used for 1/200 diluted biotin-conjugated anti-mouse IgG antibody (Fc region-specific; Jackson ImmunoResearch Laboratories).
Detecting dead cells. Unfixed control explants and VM fragments at 3 DIV were treated with 1 g/ml propidium iodide (PI) in the culture medium for 1 min. Stained samples were observed by fluorescence microscope (IX70; Olympus).
Operation of the Flat Whole-Mount Preparation
VM fragment culture. The E12 caudal hindbrain and the cervical spinal cord (C1-C4), which are the same regions used for the flat whole-mount preparation, were subdivided longitudinally into three fragments. The third containing the ventral midline (VM fragment) was cultured for 3 DIV and subjected to histochemical staining. The same culture medium described above was used. The average and standard error of the cells positive for the OL markers were calculated by Microsoft Excel (Microsoft).
For in vitro transplantation of the VM fragment. The VM fragment was settled beside another flat whole-mount preparation on E12 and cultured for 3 DIV. The same culture medium described above was used.
Ablation of the dorsal cervical spinal cord. E12 ICR mice were dissected and flat-mounted on Transwell membrane. The dorsal region in the left side was ablated from the flat whole-mount preparation using a tungsten needle. The remainder of the explant was cultured for 3 DIV.
Specification of inhibitory effect for OL development. E12 cervical spinal cord (C1-C4) was subdivided longitudinally into five fragments: two dorsal fragments containing the roof plates, one ventral fragment containing the floor plate, and two intermediate fragments. Each fragment was placed beside the VM fragment prepared from E12 cervical spinal cord and cultured for 3 DIV.
Quantification of Neural Cells in the Flat WholeMount Preparation Culture
After 3 DIV, the VM fragment or the ventral region from the control flat whole-mount preparation was treated with 0.25% trypsin for 15 min at 37°C in a rotary shaker at 300 rpm. Single cells were prepared by gentle pipetting, plated on a poly-D-lysine coated four-well dish (Nunc) at 5 ϫ 10 4 cells/cm 2 and cultured in DMEM containing 10% FCS for 7 h at 37°C in a CO 2 incubator. These cells were fixed with 4% PFA and immunostained with mouse monoclonal anti-Musashi (provided by Dr. H. Okano of Osaka University), mouse monoclonal anti-PCNA (PC-10; DAKO), mouse monoclonal anti-MAP2 (HM-2; Sigma), and rabbit polyclonal anti-GFAP (DAKO) antibodies.
The bromodeoxyuridine (BrdU) labeling experiment was performed as described previously (Morita et al., 1997) . Explants cultured for 3 DIV were incubated with 3 g/ml BrdU (Sigma) in the chemically defined medium during the last 6 h. In situ hybridization with PDGFR␣ cRNA probe was performed and explants were double immunostained with anti-BrdU antibody (mouse IgG; Sigma). The numbers of BrdU/PDGFR␣ doublepositive cells and total PDGFR␣ ϩ cells were counted.
Bone Morphogenetic Protein 4 Assay
Purified mouse bone morphogenetic protein 4 (BMP4) was prepared according to Natsume et al. (1997) or recombinant human BMP4 was purchased from R&D systems. To compare the specific activity of the BMP4 with that used in previous reports, the BMP4 was added to purified oligodendrocyte type 2 astrocyte (O2A) progenitor cells purified from rat postnatal day 2 cerebral cortex by the shaking method (Mabie et al., 1997) . BMP4 was added at 0, 0.1, 1, 10, 50, and 100 ng/ml to the O2A progenitor cells, and the cells were cultured for 4 DIV. Cells were immunostained with O1 and rabbit polyclonal anti-GFAP antibodies.
The ventral region of the E12 mouse cervical spinal cord was trypsinized. The dissociated cells were plated on poly-D-lysinecoated glass slides at 1 ϫ 10 5 cells/cm 2 and incubated in DMEM containing 10% FCS overnight at 37°C in a CO 2 incubator. The culture medium was changed to the chemically defined medium containing 0, 1, 10, or 100 ng/ml BMP4 and the cells were cultured for another 3 DIV. The cells were fixed with 4% PFA and immunostained with monoclonal anti-MAP2, polyclonal anti-GFAP, O4, monoclonal anti-Musashi, or monoclonal anti-PCNA antibodies.
The VM fragments were isolated from E12 ICR mice and cultured on Transwell membrane without or with 1, 10, or 100 ng/ml BMP4 in the chemically defined medium as described above for 3 DIV. The O4 ϩ cell density on the explant was counted directly. To calculate the percentages of GFAP ϩ , MAP2 ϩ , or Musashi ϩ cells, the explants were dissociated once and stained with specific markers as described above.
Inhibition of BMP Signals
VM fragments were cultured in the chemically defined medium containing 200 ng/ml recombinant mouse BMPR-IA/Fc chimera (R&D systems) for 3 DIV. OLs and astrocytes were detected with O4 and anti-GFAP antibodies, respectively.
RESULTS
Distribution of OLs and Their Progenitors in the Flat Whole-Mount Preparation
To study the regulatory mechanisms of OL development, we applied an explant culture system of the hindbrain and the cervical spinal cord (C1-C4) from E12 ICR mouse embryos, named the flat whole-mount preparation (Shirasaki et al., 1995) . Using a whole-mount staining technique, we detected a small number of cells stained with O4 antibody, which recognizes prooligodendroblast antigen and sulfatide, in the ventricular surface along the ventral midline of the cervical spinal cord at E12ϩ1 DIV (Fig. 1A) . The presence of O4 ϩ cells increased around the ventral half of the spinal cord at E12ϩ3 DIV (Fig. 1B) . Thus, we detected O4 ϩ cells occurring much earlier than that reported in previous experiments (see Discussion), which led us to reexamine the distribution pattern of O4 ϩ cells in vivo with the same method used to detect O4 ϩ cells in the flat whole-mount preparation. The O4 ϩ cells were first detected in two longitudinal columns along the ventral midline on E12 (Fig. 1C) and subsequently dispersed to dorsal and lateral locations on E14 (Fig. 1D) . These results suggest that monoclonal antibody O4 identifies mouse spinal cord OL lineage cells at early stages in their development, and thus, we applied O4 staining in further studies.
Increase in O4
؉ Cell Numbers in the VM Fragment
Using this flat whole-mount preparation, we examined whether the dorsal spinal cord was involved in OL development. The flat whole-mount preparation was subdivided longitudinally into three fragments at E12. The third containing the ventral midline (VM fragment) and the remainder of the dorsal portion were separately cultured for 3 DIV. In the VM fragment culture, O4
ϩ cell numbers increased in the VM fragment ( Fig. 2B ; Table 1 ) in comparison to that in the equivalent area of untreated control explant ( Fig. 2A) . The increase in number of differentiated OLs in the VM fragment was confirmed by in situ hybridization analysis of PLP-expressing cells (Table 1 ; see also Introduction). Dead cells were rarely detected in both control and VM fragment by PI staining (data not shown; see Materials and Methods). These results suggested that specific factors that inhibit OL development, which are normally secreted from the dorsal region, may have been removed by the dissection. No O4 ϩ cells were detected in the dorsal regions ( Figs. 2A and 2C) . To ascertain the existence of activities inhibiting OL differentiation, the VM fragment prepared from an E12 mouse embryo was placed beside another flat whole-mount preparation containing an intact dorsal region potentially influencing OL development (in vitro transplantation of VM fragment; see iii in Fig. 2 ). It resulted in a decrease in O4 ϩ cell numbers in the proximal half of the VM fragment to half that of the control distal half (Figs. 2D and 2E ). We further checked whether this inhibitory effect is specific to the dorsal spinal cord. E12 cervical spinal cord was subdivided longitudinally into dorsal, ventral, and intermediate regions. Each fragment was placed beside a VM fragment from E12 cervical spinal cord and cultured for 3 DIV. The number of O4 ϩ cells in the VM fragment was specifically reduced by the dorsal spinal cord (Table 2 ). This result suggests that the inhibitory activity is specifically released from the dorsal spinal cord.
In the next experiment, one side of the dorsal region was ablated from the flat whole-mount preparation on E12 and the remainder of the explant was cultured for 3 days (ablation of cervical spinal cord; see iv in Fig. 2 ). The number of O4 ϩ cells in the ablated left side was 1.8 times greater than that in the control right side (Figs. 2F and 2G ). These two results strongly indicate the existence of inhibitory activities that reduce O4 ϩ cell numbers released from the dorsal region.
Increase of O1
To determine whether inhibitory activities from the dorsal region influenced OL maturation, we immunostained the flat whole-mount preparation with O1 antibody, which recognizes galactocerebroside, a marker for 
Increase in the Number of PDGFR␣ ؉ Cells in the VM Fragment Culture
To examine whether the dorsal inhibitory activity influenced the appearance of OL precursor cells, the PDGFR␣-expressing cells, we performed in situ hybridization with DIG-labeled PDGFR␣ cRNA as a probe. PDGFR␣ ϩ cells were detected throughout the hindbrain and the cervical spinal cord on E12ϩ3 DIV, mainly in the dorsal half of the explant. When the flat whole-mount preparation was subdivided longitudinally into three fragments, the number of PDGFR␣ ϩ cells in the dorsal portion (Fig. 4D ) decreased in comparison to the control (Fig. 4A) , suggesting that PDGFR␣ ϩ cell migration from the ventral to the dorsal region was interrupted. Although a part of the increase in the number of PDGFR␣ ϩ cells in the VM fragment ( Fig. 4C ; Table 1 ) could be explained by the block of migration, the number of PDGFR␣ ϩ cells in the VM fragment (531.4 Ϯ 16.4; n ϭ 6) was significantly larger than the total number of PDGFR␣ ϩ cells in the entire explant (274.3 Ϯ 12.0; n ϭ 6). Hence, there are additional effects that may account for this great increase in the number of PDGFR␣ ϩ cells. In in vitro transplantation of VM fragment experiment, the number of the PDGFR␣ ϩ cells in the half of the VM fragment that was proximal to the other flat whole-mount preparation was significantly less than that in the distal half (Figs. 4E and 4F) . In the ablation of cervical spinal cord, again, PDGFR␣ ϩ cells in the ablated side of flat whole-mount preparation were induced 2.1-fold in comparison to the control side (Figs. 4G and 4H) . These results also suggest that dorsal spinal cord inhibits the appearance of PDGFR␣ ϩ OL precursors.
Effects of Dorsal Spinal Cord on Neural Development in the Flat Whole-Mount Preparation
The increase of O4 ϩ and O1 ϩ cell numbers in the VM fragment can be explained by the removal of inhibitory activities, which influence the maturation steps of OL development from the dorsal spinal cord. On the other hand, there are three possible causes for the increase in the number of PDGFR␣ ϩ OL precursor cells after removal of the dorsal spinal cord: (1) induction of precursor cell proliferation, (2) stem cell proliferation, or (3) promotion of PDGFR␣ ϩ cell differentiation from stem cells. To determine which of the above steps was induced by the dorsal removal, the numbers of neurons, astrocytes, neuroepithelial cells, and proliferating cells were counted using specific markers. The VM fragment cultures and ventral regions of control untreated flat whole-mount preparations were trypsinized on E12ϩ3 DIV, replated on poly-D-lysine-coated dishes at 5 ϫ 10 4 cells/cm 2 , and incubated in a CO 2 incubator at 37°C for 7 h. The cells were subsequently immunostained. The cells positive for PCNA, a marker for proliferating cells, and Musashi, a neuroepithelial cell marker (Sakakibara et al., 1996) , increased dramatically in the VM fragment (Table 3 ). The increase in the number of PCNA ϩ cells may be caused mostly by the increase in Musashi ϩ neuroepithelial cells, since the changes in the percentages of PCNA ϩ cells and Musashi ϩ cells in Table 3 are similar to each other. The percentage of cells positive for MAP2 staining, a neuronal marker, in the VM fragment was remarkably reduced (Table 3 ). This decrease in MAP2 ϩ cell percentage seems to be correlated with the increase in Musashi ϩ cell percentage. In other words, the differentiation from neuroepithelial cells to neurons may be reduced by the dorsal removal. A few cells positive for GFAP, a Note. Fold increase of the cells positive for each marker in the VM fragment over that in the equivalent ventral region of control culture was calculated (n ϭ 6). Note. The E12 mouse cervical spinal cord was longitudinally subdivided into three regions: the ventral (VM), dorsal (DR), and intermediate (IM) regions of spinal cord. Each was ectopically placed on the left side of another VM fragment with no space between them and cocultured for 3 DIV. The numbers of O4 ϩ cells in the left and right halves of the VM fragment were counted. The ratio of O4 ϩ cell numbers in the left/right halves, which are the proximal/distal halves of the ectopic explants, was calculated. marker for astrocytes, were detected in the control flat whole-mount preparation. The GFAP ϩ cells in the VM fragment increased slightly from that in the control (Table  3 ). The increase in the number of stem cells (2 times) may be one cause for increased PDGFR␣ ϩ cell numbers in the VM fragment, but the notably significant increase (15 times) would also be predicted to be attributable to promoted differentiation of PDGFR␣ ϩ cells from neuroepithelial cells or increased proliferation of OL precursor cells. To solve the question, the proliferation rate of PDGFR␣ ϩ cells was assessed by the BrdU labeling. Unsectioned control explants and VM fragments were incubated with BrdU during the last 6 h at 3 DIV and PDGFR␣ in situ hybridization was performed. While BrdU and PDGFR␣ doublelabeled cells were 13.1 Ϯ 0.95% of total PDGFR␣ ϩ cells in the control ventral region and 12.0 Ϯ 0.84% in the control dorsal region (n ϭ 6), they increased to 31.8 Ϯ 2.0% of total PDGFR␣ ϩ cells in VM fragment (n ϭ 6). Thus, the induction of OL precursor cell proliferation in the VM fragment is, at least in a part, the cause for the increase in number of PDGFR␣ ϩ cells in the VM fragment. Taken together, the dorsal factors are suggested to (1) inhibit the proliferation of OL precursors including PDGFR␣ ϩ cells, (2) promote neuronal differentiation from neuroepithelial cells, and (3) inhibit the maturation of OLs from the O4 ϩ to the O1 ϩ cells.
Axons Appear Normal in the VM Fragment
Although our hypothesis centers on the presence of factors secreted from the dorsal region, there is an alternate possibility responsible for the increase of OL progenitors in the VM fragment. It has been reported that certain signals from axons influence OL development Raff, 1993, 1996; Wang et al., 1998 ; see also Discussion); axons may inhibit the proliferation of OL precursors and/or suppress the maturation of OLs. Dissection of the VM fragment may have caused axon degeneration, hence alleviating the suppression of OL differentiation and resulting in a consequent increase in the number of PDGFR␣ ϩ cells. Anti-neurofilament staining (2H3; Dodd et al., 1988) revealed the presence of axons along the rostrocaudal direction in the control flat whole-mount preparation (Fig. 5A ). No significant difference was observed in the neurofilament staining pattern between the half proximal to the ectopic dorsal spinal cord and the distal half of the in vitro VM fragment transplantation (Fig. 5B) . The presence of intact axons in the VM fragment indicated that the axonal influences are less likely to be the causative inhibitory activities of OL development.
No Effect of BMP4 on O4
؉ Cells
Bone morphogenetic proteins are members of the transforming growth factor ␤ gene superfamily. It is well known that BMPs have dorsalizing inductive activities during early neural development. It has also been reported that BMPs induce astrocyte differentiation from OL progenitor cells (also named O2A cells) (Mabie et al., 1997) , which are known to be the common progenitor cells of OLs and type 2 astrocytes in vitro, and subventricular zone (SVZ) cells of the forebrain (Gross et al., 1996) . Mabie et al. (1997) also reported that BMP2, 4, and 7 had similar effects on OL development; BMP4, in particular, displayed the strongest inhibitory influence on OL differentiation from cultured OL progenitor cells. We therefore examined the activity of BMP4, which is a typical BMP secreted from the dorsal neural tube, on OL development in the spinal cord. Initially, to compare the specific activity of BMP4 used in our experiments with those of previous reports, BMP4 was added to rat OL progenitor cell cultures according to the methods described by Mabie et al. (1997) . After 4 days of BMP4 treatment, the number of GFAP ϩ cells increased and the number of O1 ϩ cells decreased at the same dose of BMP4 as that used in previous reports, even at 1 ng/ml BMP4 (data not shown). When BMP4 was added to the dissociation culture from the ventral region of E12 mouse cervical spinal cord, the ratio of GFAP ϩ astrocytes increased after 4 DIV, MAP2 ϩ neurons did not change significantly, and PCNA ϩ proliferating cells decreased (data not shown). BMP4 was then applied to the VM fragment of the flat whole-mount preparation. We expected a decrease in the number of O4 ϩ cells if BMP4 was the major dorsal factor inhibiting OL development. However, no significant changes in O4 ϩ cell numbers were observed, when 10 ng/ml or even 100 ng/ml BMP4 was added to the VM fragment culture (Table 4) . To determine whether exogenously added BMP4 entered the cells in the flat whole-mount culture, we counted the number of other cell types after dissociating the VM fragments. At a dose of 10 ng/ml, the population of GFAP ϩ astrocytes increased from 8.17 to 23.3%, while that of Musashi ϩ neuroepithelial cells decreased from 23.1 to 7.68%. In the next experiment, recombinant mouse BMPR-IA/Fc chimeric protein, which is an extracellular domain of BMPR-IA fused to the Fc region of human IgG, was added into the culture medium to
FIG. 4. Robust increase in the number of PDGFR␣
ϩ cells in the VM fragment of the cervical spinal cord. VM fragments of the cervical spinal cord (C1-C4) were dissected from E12 ICR mice and cultured for 3 days. The boxed area in each of the schematic drawings in (i) to (iv) corresponds to each photograph. In the control flat whole-mount preparation, PDGFR␣ ϩ cells were present in the dorsal region (B) but not in the ventral region (A) at 3 DIV. A dramatic increase in the number of PDGFR␣ ϩ cells was observed in the VM fragment (from A to C), whereas PDGFR␣ ϩ cells in the dorsal part decreased (from B to D). In some cases, after removal of the VM fragment, both sides of the dorsal parts fused to each other ((ii) and D). When the VM fragment was placed beside another flat whole-mount preparation and cultured for 3 DIV (iii), the number of PDGFR␣ (Table 5 ). This result suggests that endogenous BMPs do not suppress the number of OLs.
DISCUSSION
Many subclasses of neurons are generated along the dorsoventral axis in the spinal cord. Shh, which is a typical ventralizing factor in the cervical spinal cord, promotes the generation of motoneurons and ventral interneurons (SM, VM, and V0 -V3 in Fig. 6 ; Ericson et al., 1996; Burrill et al., 1997; Briscoe et al., 1999) depending on its concentration. Development of dorsal interneurons in the cervical spinal cord is induced by dorsalizing signals such as BMPs (D1A, D1B, and D2 in Fig. 6 ; Liem et al., 1995; Lee et al., 1998) . In this study, development of OL is proposed to be regulated by both the promoting factors from the ventral region (Shh and neuregulin; Orentas et al., 1996 Orentas et al., , 1999 Pringle et al., 1996; Vartanian et al., 1999) and the inhibitory signals from dorsal region (Figs. 2 and 4) . This implies that OL development and neuronal development are controlled by similar mechanisms, which enables one cell type to be generated in a strictly restricted region along the dorsoventral axis.
Establishment of the Flat Whole-Mount Preparation Culture System
In this report, we used a culture system named flat whole-mount preparation to study mouse OL development. While the manipulation of chick embryos has been useful for investigations of early OL development , mouse embryos, on the other hand, are recalcitrant to manipulation in utero. The flat whole-mount preparation enabled us to observe cell migration sequentially, to dissect desired regions in culture, and to add any growth factors to the culture media. These were notably difficult procedures even with the chick embryo system. In addition, using the whole-mount staining technique, immature OLs in the ventral cervical spinal cord were detected with O4 antibodies at as early as E12 (Fig. 1C) . In previous studies, the earliest O4 ϩ cells were found at E14.5 in the mouse medulla (Hardy et al., 1996) and in the chick embryonic spinal cord at stage 26 (Ono et al., 1995) . The process of fixation may have damaged the O4 antigen and thus rendered O4 staining of the sections difficult. Trypsinization during preparation of the dissociation culture may also damage the O4 antigen, so that the detectable number of O4 ϩ cells is minimal in the dissociation culture. These results demonstrate that the flat whole-mount preparation is a powerful system for studying OL development and O4 staining can be applied earlier than previously considered. (Table 3) . O1
ϩ cells, representing mature OLs, were rarely seen in the control flat whole-mount preparation, whereas they were clearly apparent in the VM fragment culture. Therefore, maturation of OL is also promoted by the removal of the dorsal region. In conclusion, the removal of the dorsal region (1) promoted the increase of OL precursors including PDGFR␣ ϩ cells, (2) increased Musashi ϩ neuroepithelial cells by inhibiting their differentiation into MAP2 ϩ cells (Table 3) , and (3) promoted the maturation process from O4 ϩ to O1 ϩ OLs.
Candidates for Factors Inhibiting OL Differentiation
Several reports have described signals from axons that regulate OL differentiation: (1) The proliferation of OL precursors is positively regulated by electrical activity in axons ; (2) OL differentiation is promoted by humoral factors such as PDGF, IGF, and NT-3 produced by neurons Barres and Raff, 1996) ; (3) OL differentiation is inhibited by the activation of the Notch1 pathway (Wang et al., 1998) . Hence, it is possible that the loss of these axonal factors by axonal degeneration could have caused the induction of OL lineage. Circumferentially growing axons, which include the posterior commissure axons and the alar plate axons (Shirasaki et al., 1996) , for example, may have been damaged in the VM fragment. However, in the in vitro VM fragment transplantation, no major difference was observed in the appearance of axons between the two sides, though the OL numbers in the half proximal to the dorsal region were fewer than those in the distal half (Fig. 5B) . Thus, it is less likely that axonal degeneration causes the increase in OL number in the VM fragment. It is still possible, however, that cells generated in the dorsal spinal cord migrate into the ventral region secreting factors inhibiting OL development, which remains to be determined.
bFGF (Bö gler et al., 1990; McKinnon et al., 1990) and PDGF Raff et al., 1988; promote the proliferation of O2A progenitor cells and consequently inhibit OL differentiation. However, it is unlikely that these factors are specifically secreted from the dorsal spinal cord, and as mentioned before, the dorsal spinal cord reduced the number of O2A progenitors. This is an action completely opposite to that of PDGF and bFGF.
There have been several dorsalizing factors identified in the spinal cord. Wnt1 (Roelink and Nusse, 1991) and Dorsalin-1 (Basler et al., 1993) are expressed in the dorsal spinal cord; but the BMP family, which was reported to induce dorsal interneurons in the spinal cord and cerebral cortex (Kalyani et al., 1998; Li et al., 1999) , was the strongest candidate that influenced OL development, since it induced astrocyte differentiation from epithelial growth factor-expanded forebrain SVZ cells and O2A progenitor cells (Gross et al., 1996; Mabie et al., 1997) . Most importantly, BMPs consistently inhibited the generation of OLs in all earlier studies (Gross et al., 1996; Mabie et al., 1997 Mabie et al., , 1999 . In our experiments, BMP4 increased the number of astrocytes and decreased the number of neuroepithelial cells in the dissociation culture obtained from the ventral region of the E12 mouse cervical spinal cord and in the VM fragment (data not shown). However, BMP4 did not affect Note. VM fragment was cultured in the chemically defined medium without or with 10 or 100 ng/ml BMP4. After 3 DIV, explants were stained with O4 antibody. No significant difference was observed after the addition of 10 or 100 ng/ml BMP4 (n ϭ 6). Note. Explant cultures were cultured in the medium containing 200 ng/ml recombinant mouse BMPR-IA/Fc chimera protein for 3 DIV. After fixation, explants were immunostained by O4 or anti-GFAP antibodies.
the number of OLs in the VM fragment (Table 4) . The results of BMPR-IA/Fc treatment to flat whole-mount preparation support our view that the BMPs are not a major component of the dorsal activities.
Thus, despite several previous reports demonstrating that BMPs always decrease the number of OLs in culture (Gross et al., 1996; Mabie et al., 1997 Mabie et al., , 1999 , they had no effect on OL development in the present VM fragment culture. Several possible explanations may account for this discrepancy. First, the regions and developmental stages of the cells are different. In the earlier works, the OL lineage cells were primarily obtained from the cerebral cortex of much older animals. OL lineages between the cortex and the spinal cord may be different since PLP/DM20 ϩ cells are also precursors of OLs in the cortex (Spassky et al., 2000) and hence it is possible that the OL precursor cells responded to the BMPs in a distinct manner. Second, in the flat wholemount preparation, neuroepithelial cells or the OL precursor cells were locally exposed to a high concentration of endogenous OL inducers, such as Shh and neuregulins, while the dissociated cells employed in the earlier studies were not. Finally, extracellular matrix (ECM) is present in the flat whole-mount preparation. Many soluble factors adsorb to the ECM and change their properties. It is well known that bFGF requires heparin for exerting its activity (Burgess et al., 1989) . The action of netrin-1 toward the growing axons is even reversed upon binding to laminin-1 (Hö pker et al., 1999) . Furthermore, BMP2 and 4 are in fact able to bind to collagen (Suzawa et al., 1999) . Therefore, it is not surprising that BMPs did not affect the number of OLs in the present flat whole-mount preparation.
At present we do not know the molecular structure of the factor from the dorsal spinal cord that inhibits OL differentiation. However, two interesting observations implicate the nature of this factor. First, the inhibitory effects on OL development exerted by the ectopic dorsal region required its attachment to the VM fragment. When the VM fragments were cultured together with another flat wholemount preparation (including the dorsal region) in the absence of attachment, no effects on OL development were observed in the VM fragment. Second, the inhibitory effect of the dorsal region on OL development could not pass through the ventral midline (Figs. 2E and 3E) . A very sharp contrast was consistently marked at the ventral midline. These observations indicate that the activities from the dorsal spinal cord are not secreted into the medium, but may spread by binding to the ECM. This may become a cue in the future identification of the dorsal factors.
FIG. 6.
A new model for the regulatory mechanism of OL development. (A) The blue area indicates the effect of the inhibitory factors on OL development in the dorsal spinal cord. It exerts a stronger influence on the cells in the dorsal part, while it has a lesser effect on the ventral cells. The red area indicates the effect of the inducing factors on OL development in the ventral region. As reported previously, Shh, a typical ventralizing factor and an inducer of OL development, acts at a distance and exerts different effects depending upon its concentration. The specific range of concentrations of both inhibitory factors and inducing factors may produce the restricted region of OL appearance. (B) The left side indicates that the ventral region-specific appearance of OL progenitors in the ventral spinal cord (yellow area) may be finely defined by the balance between inducing factors from the ventral spinal cord, such as Shh and neuregulins, and some inhibitory factors from the dorsal spinal cord. Thus, OL development in the cervical spinal cord may be controlled by a similar mechanism that generates neuronal diversity along the dorsoventral axis in the spinal cord (B, right). VM. visceral motoneurons; SM, somatic motoneurons; V0 -V3, ventral interneurons; D1A, 1B, 2, dorsal interneurons.
